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In soil mechanics, the material behaviour is signiﬁcantly affected by grain crushing.
This energy dissipating mechanism, along with the frictional rearrangement of grains,
is responsible for the energy loss associated with plasticity. However, the microme-
chanical factors at the grain scale have not been studied by constitutive models
which tend to focus on macroscopic parameters. In this study, the inﬂuence of the
coordination number on the fragmentation of a single cylindrical grain specimen has
been examined with a new device by which a series of multipoint crushing tests
has been conducted. Experiments conducted with this device have shown the
importance of the contacts number, position, type and force in the fragmentation of
the individual grain. The results, analysed by imaging techniques, demonstrate that
the existing models treating grain rupture are indeed incapable of reproducing the
observed fragmentation. Two types of cracks were distinguished, each corresponding
to a different crack mode, depending on the contact arrangement. The results of this
study could be integrated into fragmentation models for predicting the occurrence of
cracks, and the shape of the resulting fragments.
Keywords: grain crushing test; coordination number; fracture mode
Introduction
Soil behaviour at high stresses is highly dependent on the evolution of the grain size
distribution because the occurrence of signiﬁcant grain crushing gives rise to the
evolution of soil properties such as compressibility, dilatancy and shear strength. In
order to estimate this effect, a study at the grain scale must be considered, and the grain
characteristics and interactions analysed. Particle strength, which is the primary property
affecting the fracture of a grain, has been extensively investigated (Jaeger, 1967)
through diametric compression tests and is usually expressed from a probabilistic point
of view by assuming a Weibull’s distribution (McDowell & Amon, 2000). However, a
secondary effect, which should equally affect particle crushing, is the coordination
number. It is commonly accepted that larger particles have a higher coordination number
due to their size, which could partially compensate for their weaker strength. Smaller
particles however, albeit stronger, have a higher probability of ﬁnding themselves under
a set of two diametrically opposed forces (i.e. low coordination number), which is the
most favourable case for fracture. The competing effect of these two processes continues
during loading, and stabilizes when the ﬁnal grain size distribution is reached. If one of
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the effects becomes dominant, the grain sizes will become uniform, and the ultimate
distribution will consist of uniformly sized ﬁnes. In reality, the ultimate grain size
distribution is fractal (McDowell, Bolton, & Robertson, 1996), which means that both
the size of the grain and its coordination number remain active during the breakage pro-
cess. This effect has been noted by several authors (Auvinet & Marsal, 1975; McDowell
& Bolton, 1998; Tsoungui, Vallet, Charmet, & Roux, 1999), but to date, very few
experimental investigations have been conducted to study this effect.
Todisco, Coop and Guo (2015) constructed an experimental device to study multi-
particle crushing, where one particle of sand or limestone was crushed between a set of
steel balls or particles glued to the loading frame. By means of Weibull’s statistics, they
conﬁrmed that smaller grains are usually stronger and that a higher coordination number
resulted in a decreased probability of crushing.
Numerically, two failure criteria have been suggested for a two dimensional grain
subjected to a random distribution of contact forces. The ﬁrst one, suggested by
(Tsoungui, Vallet, & Charmet, 1998, 1999; Tsoungui, Vallet, Charmet, et al., 1999)
replaces the distribution of forces by a set of two orthogonal diametrically opposed
forces, Fmax and Fmin, inclined by an angle Φ, in the form of an inclined cross
(Figure 1(b)). This conﬁguration is equivalent, from a mechanical point of view, to the
real distribution of contact forces, represented in Figure 1(a). After stating that the frac-
ture occurs in a tensile splitting mode, a series of ﬁnite element (FEM) computations
was performed, and the stresses near the centre of the disk where the crack was sup-
posed to originate were analysed, which led to a failure criterion. This criterion,
although limited, suggested that the conﬁgurations closest to the diametrically opposed
set of forces resulted in a higher probability of rupture and that the lowest probability of
rupture corresponded to a grain under hydrostatic pressure.
The second failure criterion, developed by Ben-Nun and Einav (2010) was based on
Discrete Elements Models (DEM) simulations performed by Sukumaran, Einav, and
Dyskin (2006), which was numerically applied to uniaxial compression, showing that
the ultimate grain size distribution was fractal. This model assumed that cracks resulted
from an in-plane shear fracture mode (mode II) (Figure 1(c)). Based on this fragmenta-
tion model, a grain under an isotropic loading conﬁguration (i.e. when subjected to a
uniform pressure or when the contact forces are diametrically opposed) could break,
which was impossible with the use of Tsoungui’s model. An average of the normal
Figure 1. Failure criteria, according to (b) Tsoungui et al. (1999) and (c) Ben-Nun and Einav
(2010) compared to reference case (a).
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components of the contact forces was compared to a critical value based on a formula
suggested by Sukumaran et al. (2006).
According to the numerical study by Sukumaran et al., the effect of the curvature
and the effect of the coordination number on the critical force are considered through
two multiplicative factors fD and fCN, respectively. The critical force FC is written:
Fc ¼ d2rcfDfCN (1)
With σC being the critical tensile stress. The natural variability in the strengths of the
specimens could eventually be represented using Weibull statistics by including an addi-
tional factor for this effect. This formula includes the effects of the coordination number
through an exponential reduction factor fCN:
fCN ¼ C  1ð Þ exp Dd
 
C  2ð Þ C  3ð Þ
4C
 
(2)
with C being the coordination number, d the diameter of the crushed grain and D the
diameter of the surrounding particles.
The experimental procedure
The device
A novel apparatus for the simulation of the effects of the coordination number on the
fragmentation of a single cylindrical grain specimen was designed (Figure 2). It consists
of a round metal mounting frame, stiff enough not to be deformed by the applied range
of loads. The specimen is placed on the bottom platen, so that its centre coincides with
the centre of the frame. A removable element permits the specimen to be aligned with
the load cell vertical axis. A rigid stainless steel plate, screwed to the load cell and sup-
porting two displacement transducers out of plane (not represented in Figure 2), is ﬁxed
on the top part of the specimen.
Figure 2. Scheme of the apparatus (left) and of the two types of clamping bars and the linear
contact additions (right) (Salami, Dano, Hicher, Colombo, & Denain, 2015).
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The clamping bars are then bolted along the lateral circular surface of the device,
locking the specimen in the desired contact conﬁguration. The bars can be moved freely
around the lateral surface of the specimen. In most of the experiments, the clamping
bars were just put in contact with the specimen, in order to induce a null lateral dis-
placement condition: the lateral contacts are then passive. In other tests, the clamping
bars were pre-stressed before applying the vertical load: the lateral contacts behave like
active contacts similarly to the contacts in the vertical loading direction.
Moreover, in order to study the effect of the contact type on the grain crushing, two
types of clamping bars were manufactured. The contact can be either linear or along a
surface. The whole device is then placed on a loading frame, and the specimen is
crushed under a particular set of contacts, following a displacement-controlled mode
with a displacement rate of 0.5 mm/min. The loading frame delivers a force up to 50
kN and the force and displacements are monitored using a load cell with a resolution of
0.06 N and displacement transducers with a resolution of 0.01 mm. However, because
of the acquisition rate (1 acq. per sec.), the absolute uncertainty in the maximum force
is estimated to be about 0.15 kN.
The present device is different from the one used by Todisco et al. (2015), in which
the lateral contacts were passive, and the force applied during loading was radial, and
not along the direction of loading (since the contacting grains were glued to the loading
frame). Moreover, our device allows us to better reproduce the case of a polydisperse
granular material, where the coordination number is usually high and where the distribu-
tion of contacts along the lateral surface is random. The nature of the contacts, which
are either along a surface or along a line, can represent the contact with either a bigger
particle (contact along a surface or face-to-face contact mode) or a smaller one (contact
along a line or edge-to-face contact mode).
The materials tested
The tests were ﬁrst performed on natural rock specimens but, due to their variability
and heterogeneity, the results contained too much scatter that we were compelled to
work with a more controllable material. The working materials preferred were a mortar
and a cement mix, but the experiments presented in this paper only concern the mortar.
The cylindrical specimens had a diameter of 52 mm and a width of 21 mm. They were
prepared in accordance with the French standard NF EN 196-1 (2006) for batches of 15
units. The cement used was a CEM1 52.5R, and it was mixed with a Hostun siliceous
sand HN 0.6/1.6. The water to cement ratio was 0.5. As for the curing conditions, the
disks were set up in a humidity chamber (100% relative humidity, and a temperature of
18 °C). By controlling every step of the manufacturing process of the disks, we were
able to maintain the standard deviation for the values of the critical force distributions
around 0.5 kN for the diametric compression tests and around 0.6 kN for most of the
other conﬁgurations.
Cylindrical specimens, representing a basic 2D simulation of a disk, were also well
adapted for Digital Image Correlation (DIC) observations.
Digital image correlation
DIC is an optical experimental technique which allows surface displacements to be
measured. This technique has been theoretically and experimentally validated and has
become in recent years a robust and accurate method in experimental mechanics. Using
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a digital camera, images were taken in regular intervals and the strains were computed
from the displacements measured using the continuum mechanics theory. For the pur-
pose of our tests, a progressive CCD camera (AVT Manta G-504 B) with a resolution
of 2452 × 2056 pixels delivering 256 levels of grey was used. The camera was placed
at 50 cm from the specimen and a photo was taken every second. For this resolution
and location, one pixel represents a 32 μm square surface element. The DIC analysis
was performed with the software VIC-2DTM (Correlated Solutions, 2009), which com-
putes displacements with an accuracy of 1/20 pixel, which corresponds to ±1.6 μm for
our resolution. The accuracy for the strain measurements is approximately 50 micros-
train (0.005%). The open source program nCorr (Blaber, Adair, & Antoniou, 2015) was
used to determine and sketch the principal strain distributions.
The DIC tests were performed according to three stages:
• The surface of the specimen was prepared in order to maximise the contrast of the
images taken by the camera and to facilitate the processing. This step consists of
painting a black and white pattern on the surface, adjusting the light, and adjusting
the camera accordingly.
• The image was acquired by the camera and a separate computer. The images are
in the pgm format (portable greymap ﬁle format).
• The post treatment used the VIC-2D or the nCorr software. A region of interest
(ROI) was deﬁned which the software decomposes into elemental meshes. The
shape and size of these elements characterise the correlation since DIC consists of
a comparison between the initial and the deformed element. Once the deforma-
tions and the rotations are deﬁned, ﬁelds of deformations and rotations are extrap-
olated along the ROI. The data, which is expressed in terms of pixels, is
converted to millimetres after a calibration process.
Figure 3. The six contact conﬁgurations tested.
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Experimental program
The results presented herein correspond to six contact conﬁguration (Figure 3). The
varying coordination number allowed us to study its effect on the crushing of the
specimen, whereas the contact position effect was studied by moving the clamping
bars along the lateral surface. The diametric conﬁguration, the 4–90, 4–45, 4–90–60,
5–90–60 and the 6–45 conﬁgurations are named in order to represent the coordination
number (the ﬁrst number of the name) and the angles between the secondary contacts
and the vertical ones.
Fifteen batches, each containing 15 specimens, were prepared, with the aim of test-
ing each conﬁguration of Figure 3: one contact conﬁguration is tested on one batch of
15 specimens. A batch is prepared one week before beginning the experiments, since
mortar is sufﬁciently hard at 7 days to exhibit brittle fracture when crushed. At least 3
specimens per batch were systematically tested in diametric conditions, so that a refer-
ence for subsequent comparison could be provided.
Test results
General results
Table 1 summarises the results of the crushing tests. 15 series of tests corresponding to
the conﬁgurations presented in Figure 3 are presented along with their characteristic
forces and the conditions of the experiments. The mean characteristic force and the stan-
dard deviation represent the primary and secondary observed cracks, which correspond
to the ﬁrst and second peaks in the force-displacement curves presented in Figure 4. To
better emphasise the magnitude of scatter, the relative standard deviation is also indi-
cated for the primary cracks characteristic forces. Although in most of the tests, more
than one secondary crack occurred, only the ones that appeared ﬁrst are presented, since
the force distribution of the other cracks produced a signiﬁcant dispersion. Batches 1
through 7 were used to optimise the results by decreasing the standard deviation. The
manufacturing process of the mortar was improved in Batches 1–4, whereas the effect
of the loading speed was tested in Batch 3. In Tests 5 and 6, wooden support blocks
were added to the device to minimise the small rotations of the disk suspected to be
causing the high standard deviation, and Test 7 corresponded to the ﬁrst experiments
done with the DIC.
The characteristic forces of the diametric tests varied between 5.80 and 7.36 kN.
This variation, which could be caused by slight differences in the curing process,
remained within an acceptable range (a standard deviation smaller than 0.5 kN).
Like all brittle and quasi-brittle failures of cement based materials, the behaviour at
failure of our specimens under the conﬁgurations studied is expected to be dependent of
their size. This size effect has been extensively studied in the case of diametric splitting
tests, both experimentally and numerically, and was shown to be correctly described by
the law proposed by Ba  ant (1984). It can be deduced that the critical force associated
with the primary crack is equally affected by the size effect since the primary fracture
follows the same tensile mode as Brazilian type splitting tests. As for the secondary
cracks that were shown to propagate following a mode II, Ba  ant and Sun (1987)
showed that the strength of specimens under shear failure also exhibits a considerable
size effect, which could be modelled using the same law (Ba  ant, 1984).
The comparison between the characteristic forces of the conﬁgurations with 2
contacts (diametric compression), 4 contacts (4–90, 4–45 and 4–90–60), and 5 contacts
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(5–90–60) conﬁrms that a higher coordination number results in a higher characteristic
force. The exception represented by the 6–45 test can be noted, for which the critical
force was found higher than the ones corresponding to the tests with 4 contacts, but
lower than the force corresponding to the 5–90–60 test. This shows the importance of
the contact position on the crushing behaviour of particles. It can also be noted that the
presence of diametrically opposed sets of forces increases the characteristic force of the
ﬁrst crack, as deduced from a comparison between the 4–90 and the 4–90–60 conﬁgura-
tions. Therefore, it is conﬁrmed that the contact positions along the lateral surface
highly affect particle crushing. The critical force of the secondary cracks depends on the
length of the crack path: secondary cracks that follow longer paths have the lowest
critical forces in comparison to the ones with shorter paths. This can be seen by com-
paring the tests 4–90, 4–45 and 4–90–60, all with a coordination number of 4, but with
Figure 4. Typical force displacement curves associated to different conﬁgurations. The diametric
cracks are represented by circles whereas the secondary cracks are represented by squares.
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different secondary crack paths. The secondary crack in the 4–90 conﬁguration has the
shortest path, and its characteristic force is signiﬁcantly higher than the ones linked to
the 4–45 and 4–90–60 tests where the secondary cracks follow longer paths. The
secondary forces are equally affected by the coordination number and position.
Typical force displacement curves of the tested conﬁgurations are presented in
Figure 4. The sudden drops in the forces correspond to the characteristic force with
regard to a rupture event.
The validity of Equations (1) and (2) to estimate the effect of the coordination num-
ber on the critical force of failure of a particle has been examined in light of the experi-
mental results obtained. The use of Equation (1) requires the deﬁnition of the factor fD
that represents the effect of curvature of the grains on the fracture.
The following form for the curvature factor is proposed by Sukumaran et al. (2006),
based on the analytical solution of Timoshenko and Goodier (1961) for an elastic disk
particle compressed by disks instead of platens:
fD ¼ ðD=dÞðD=dÞ þ 1 (3)
With D being the diameter of the surrounding particles. It should be noted that this
equation captures the effect of the roundness of the surrounding particles, and is then
different from Ba  ant’s size effect law (1984), which represents the evolution of the crit-
ical stress with the size of the particle.
The work of Timoshenko and Goodier doesn’t examine crushing under planar sur-
faces. In addition, the crushable particle and the surrounding particles are supposed to
have the same elastic properties. For the purpose of this numerical study, only the
surface contacts achieved by the surface type clamping bars are considered. In this case,
D  +  , which means that fD  1. A value of  C is deduced from the ﬁtting of the
calculations with the experimental results, achieved by minimising an error function
deﬁned as the sum of the absolute values of the differences between the experimental
and the calculated critical forces of the conﬁgurations considered. Figure 5 shows
Figure 5. The experimental values of the critical force plotted with the values predicted by
Equation (1).
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a good correspondence between the experimental values of the mean critical force and
the values computed using the formulas (1), (2) and (3).
The effect of a secondary pre-stress
Tests on samples from Batch n°15 are presented in Table 1. They were performed in
order to investigate the effect of a secondary lateral pair of active contacts forces on
particle crushing by applying a preliminary stress on the specimens. Twelve tests in the
4–90 conﬁguration were conducted, where the two lateral tightened contacts could rep-
resent the effect of the contact forces due to surrounding particles within a strong force
chain. The bolts of the clamping bars were tightened carefully to ensure reasonably
comparable results, because no force was measured. A typical force displacement plot is
presented in Figure 6. If we compare this ﬁgure to the one corresponding to a normal
4–90 test (Figure 4), we can see that only one peak was obtained, which corresponds to
one diametric crack. No secondary cracks were observed; instead, the specimen broke
into multiple fragments, which explains the post peak ductile-like failure in the corre-
sponding curves of Figure 7. As for the 4–90 test with passive contacts, the loading
continued after the ﬁnal crack, which resulted in the comparable ductile-like post peak
behaviour (the fragments were held together by the surface contacts, allowing the speci-
men to withstand the loading). The mean value of the critical force for the pre-stressed
test was 11.36 kN, which is higher than all the critical forces corresponding to the ﬁrst
crack of the tested conﬁgurations, and especially higher than the mean 7.12 kN corre-
sponding to the 4–90 test without a pre-stress.
The effect of the contact type
In the specimens of Batch 11, linear contacts were used instead of surface contacts to
study the effect of the contact type on the rupture of the specimen. The contacts along
the loading axis and the ones along the loading surface were both modiﬁed (Figure 2).
The fracture patterns and the resulting fragments were not affected by the contact type.
Three diametric compression tests, and 12 crushing tests in the 4–90 conﬁguration were
Figure 6. Typical force displacement curve of the pre-stressed 4–90 tests.
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conducted. The results were compared with the results of samples from Batch 12, where
surface contacts were used. Typical force displacement curves are presented in Figure 7.
It can be noted that the cracks occurred at higher forces with surface contacts rather
than with linear contacts. This is true for the primary cracks in the diametric and the
4–90 conﬁgurations, and for the secondary cracks in the 4–90 conﬁguration. In case of
a diametric compression, the force decreased from 6.25 to 4.28kN. This can be
explained by the higher concentration of forces near the contacts in the case of a contact
along a line. Indeed, both the contact types are non-conforming (the area of contact is
smaller than the characteristic dimensions of the contacting bodies, which means that at
least one of the two bodies deforms when a contact area appears), and the surface con-
tacts allow the load to spread over a wider area. It should be noted that the load concen-
tration near the contacts leads to both primary and secondary cracks, as will be shown
below. The same reasoning could be extended to the secondary cracks observed in the
4–90 conﬁguration, since they both result from a concentration of stresses near the con-
tacts, even if the fracture mechanism is different. A difference in the post peak failure
between the two 4–90 tests was also noted. This may have been caused by the higher
adherence of the particle to the contacts favored by the high friction area of the surface
types. The specimen was held together after fracture, and continued to carry the applied
load, causing an increasingly higher damage, and resulting in the observed behaviour. If
the specimen was given enough time to fail after the second crack occurred, it usually
broke into multiple small fragments. The linear contacts, however, penetrated within the
cracked space, causing a sudden failure.
Fragmentation process
After conducting the tests, fracture paths and fragmentation patterns of the disks were
observed. In all cases, a central crack appeared along the diametric loading axis. Other
cracks, referred to as secondary cracks, appeared later on. For each contact conﬁgura-
tion, the test resulted in a speciﬁc set of fragments. Although the fragments were not
always identical, they appeared to follow the same pattern. If we take the example of
the 4–90 test conﬁguration presented in Figure 8, cracking occurred throughout the two
top circular segments. Other tests in the same conﬁguration resulted in the fragmentation
of one or more of the four segments linking the contacts of the particle. For the other
Figure 7. Force displacement curves for (a) Diametric compression and (b) 4–90 conﬁguration
with different contact types (Salami et al., 2015).
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conﬁgurations, the cracks appeared to always follow a predetermined path imposed by
the conﬁguration. The secondary cracks originated near one of the contacts, and
propagated towards the farthest load bearing contact (on the top or the bottom).
Figure 8. Typical fragmentation patterns corresponding to each tested conﬁguration.
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The specimens of Figure 8 were chosen out of the other specimens because at least two
secondary cracks were clearly observed. In order to achieve these results, the forces
were allowed to reach higher values, which explain the additional small fragments
observed (in 5–90–60 and 6–45). These fragments are the result of the failure of the
contact area, and do not appear in other tests.
The predominant loading along the vertical axis leads to an initial appearance of a
diametric crack. The explanation for this phenomenon can be found in the literature
illustrated by a volume fracture model (Tsoungui, Vallet, Charmet, et al., 1999): a trac-
tion zone develops near the centre of the specimen, and leads to the formation of a
crack that propagates along the loading axis, ultimately breaking the specimen in half.
However, other authors disagree with the volume fracture model and suggest that in a
diametric compression test, and in the case of non-conforming contacts, the fracture
originates near the contacts, and propagates along the loading axis, causing the speci-
men to break in half. Wang and Xing (1999) studied the case of a Brazilian test with
conforming contacts, and determined a minimum loading angle (angle from the centre
of the disk to the edges of the contact surface) for the crack to originate near the centre
of the grain. A specimen with ﬂattened edges, or arch-arch tests such as the ones sug-
gested by the ISRM (International Society for Rock Mechanics, 1978) should be able to
reproduce the volume fracture model, since the contact area is large, and the load is
spread along this surface. In our case, given that the contacts are non-conforming, the
fracture is expected to start from the contacts. Another cracking mechanism, suggested
by (Tsoungui, Vallet, Charmet, et al., 1999) and termed the contact fracture model, was
used to study grains impacting a rigid wall. Under this model, a compressive strain
propagates from the contact point through the specimen at the moment of the impact.
This model seems to reproduce the primary cracking observed in our tests better than a
volume model. To the best of our knowledge, no literature is available on the secondary
cracks and their mechanisms of propagation other than the fracture criterions presented
in the introduction.
To better understand the mechanics of the observed fractures, a series of tests in the
diametric, 4–90, 6–45 conﬁgurations were monitored by DIC. The results for the dia-
metric and 4–90 tests are summarised in Figure 9. The cracks in the 6–45 conﬁguration
followed the same pattern as in the 4–90 conﬁguration. The extension and shear strain
distributions along the surface allowed us to draw several conclusions. For the diametric
compression, the cracks appeared to originate near the contacts and propagated towards
the centre. This was also the case for the primary crack in the other tests. The secondary
cracks originated near the contacts, and propagated towards the farthest load bearing
contact, as shown in the fragmentation of the 4–45, the 4–90–60, the 5–90–60, and the
6–45 conﬁgurations. The newly formed half disk fragment is under the effects of a sec-
ondary contact and the opposed load bearing contact, either top or bottom. This resulted
in the crack propagating in a shear mode towards the top or bottom contact. Conse-
quently, the shear strains were highly concentrated in these cracks paths, suggesting that
the fracture occurred though a shear mode (mode II), as suggested by Ben-Nun and
Einav (2010). The high shear strains along the diametric axis were caused by friction,
as the specimen was already fractured in half when the secondary crack was observed.
It is also possible to analyse the crack propagation based on the distributions of the
principal strains. Figure 10 shows the directions and magnitudes of the principal strains
inside the disk before and during the propagation of the longitudinal fracture, and dur-
ing the propagation of the secondary fracture. The red lines correspond to the principal
extensions while the blue lines represent the principal compressions. The length of each
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line is proportional to the magnitude of the corresponding principal strain. However, the
different images presented in Figure 10 are plotted at different scales. In image (a), it is
clear that the directions of the principal extension are perpendicular to the direction of
the crack propagation. It can be concluded that the longitudinal crack is caused by trac-
tion, which corresponds to an opening mechanism of cracking (mode I).
Figure 9. Distribution of the strains along the x axis (εxx) and the shear strains (εxy) prior to
fracture. For the diametric compression: (a) strains along the x axis and (b) shear strains. For the
4–90 conﬁguration: (c) strains along the x axis prior to the ﬁrst crack, (d) shear strains prior to
the ﬁrst crack, (e) strains along the x axis prior to the second crack, (f) shear strains prior to the
second crack.
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As for the secondary cracks, Figure 9 showed a concentration of shear strains in
the fracture zone, which allows us to conclude that this mode of crack propagation
is in-plane shearing (mode II). An analysis of Figure 10(c) allows us to conﬁrm this
conclusion. In the zone where the secondary crack develops and prior to cracking,
the extensions are almost parallel to the path of the future crack. The crack
should then propagate according to a mixed mode I and II, with a predominance of
mode II.
Out-of-plane shearing (which corresponds to mode III) cannot be identiﬁed from our
data, since the DIC performed is planar. Stirling, Simpson, and Davie (2013) used 3D
DIC on diametric compression tests, and showed that out-of-plane displacements do
occur near the two contacts, and are especially more pronounced when the contacts
between the specimen and the loading device are non-conforming.
Figure 10. Principal strain distributions: in red, the principal extensions; in blue, the principal
compressions. (a) Before the primary fracture, (b) at the moment of the primary fracture, (c) at
the moment of the secondary fracture.
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Conclusion
The results presented in this paper agree with several of the previous numerical and
theoretical works on the subject, although the aim of the fracture models in the literature
has not been to reproduce the behaviour studied by our tests. It has been shown that the
contact numbers and positions play an important role in the fragmentation of an individ-
ual grain. DIC was used to measure the strains along the surface of the disk, which pro-
vided insight on the initiation of the cracks and its propagation path. Two types of
cracks could be distinguished, each corresponding to a different crack mode and depen-
dent on the contact arrangement. The effect of the contact type was studied and the
results showed that the critical force depended strongly upon the contact area.
One of the many applications of these results could be the improvement of DEM
models considering crushable materials. Indeed, most of the problems faced in mod-
elling grain breakage concern the fracture initiation condition, the fragment number and
size. A new model based on the coordination number may be considered.
These preliminary results are the beginning of an in-depth experimental study on the
effects of the coordination number on grain crushing. The effect of the contact forces,
which was brieﬂy tested in this study, will in the future be fully investigated using
springs for the lateral contacts, or by measuring the contact forces in the lateral bars by
using strain gauges.
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